In this work we analyzed the photosynthetic apparatus in Arabidopsis thaliana plants acclimated to different light intensity and temperature conditions. Plants showed the ability to acclimate into different environments and avoid photoinhibition. When grown in high light, plants had a faster activation rate for energy dissipation (qE). This ability was correlated to higher accumulation levels of a specific photosystem II subunit, PsbS. The photosystem II antenna size was also regulated according to light exposure; smaller antenna size was observed in high light-acclimated plants with respect to low light plants. Different antenna polypeptides did not behave similarly, and Lhcb1, Lchb2, and Lhcb6 (CP24) are shown to undergo major levels of regulation, whereas Lhcb4 and Lhcb5 (CP29 and CP26) maintained their stoichiometry with respect to the reaction center in all growth conditions. The effect of acclimation on photosystem I antenna was different; in fact, the stoichiometry of any Lhca antenna proteins with respect to photosystem I core complex was not affected by growth conditions. Despite this stability in antenna stoichiometry, photosystem I light harvesting function was shown to be regulated through different mechanisms like the control of photosystem I to photosystem II ratio and the association or dissociation of Lhcb polypeptides to photosystem I.
Plants are exposed to an environment where light and temperature conditions are largely variable. Because they have no possibility of moving to a more favorable environment, plants have evolved several mechanisms of acclimation. Among all the parameters, light intensity has a major influence on plants life; it is a limiting growth factor at dusk or under dense canopy, but it can easily be in excess at midday or under full sun, thus leading to oxidative stress and photoinhibition (1, 2) . Low temperature is known to play a synergistic role with excess illumination by limiting electron transport and carbon fixation rates. In these conditions, even a weak light can exceed energy utilization rate and become photoinhibitory (3) .
Mechanisms of photo-protection can be classified according to the time scale of activation upon establishment of the stress. Illumination rapidly activates the dissipation of the excitation energy as heat, a process called nonphotochemical quenching (NPQ) 2 (4, 5) . Its fastest component is called qE, and it is known to depend on the presence of the PSII subunit PsbS (6) . NPQ also includes components activated on a slower time scale such as the synthesis of zeaxanthin from violaxanthin (7-9) with zeaxanthin also active in scavenging ROS (10) . These mechanisms are effective in reducing light damage during fast changes in illumination. However, when excess light is experienced during long periods, plants activate other mechanisms of response, such as the modulation of the light harvesting apparatus and metabolic energy sinks. In fact, in high light, the stoichiometry of electron carriers and enzymes of the Calvin cycle increases (11) (12) (13) , whereas the relative abundance of antenna proteins with respect to the reaction center complexes decreases (14, 15) .
Here we have extended previous works on the acclimation changes of the model plant Arabidopsis thaliana upon growth in different light and temperature conditions. Functional analysis confirmed that plants were indeed acclimated as shown by the absence of PSII photoinhibition, the modulation of oxygen evolution, and the photochemical capacity in high light. Long term exposure to high light was also shown to induce the accumulation of PsbS and a correlated increase in the qE component of NPQ. Of particular interest is the regulation of the antenna system; the adaptation to different light and temperature conditions leads to extensive changes within the PSII antenna system. Each of the different Lhcb components is tuned in their relative amount with the exception of Lhcb4 and Lhcb5 whose stoichiometry with respect to RCII remained substantially constant. Lhcb6 is peculiar because it undergoes the highest level of modulation, being virtually absent in HL conditions. On the contrary, in PSI no changes were detected in the stoichiometry of any of the Lhca proteins with respect to the reaction center. This suggests that PSI-LHCI behaves as the reference complex with respect to which PSII-LHCII undergoes regulation to maintain chloroplast redox state and ensure photoprotection.
EXPERIMENTAL PROCEDURES
Plant Growth and Light Temperature Treatments-A. thaliana plants (Columbia ecotype) were grown for 4 weeks at 100 E, 19°C, 90% humidity, and 8 h of daylight. Afterward, they were moved under different light and temperature conditions for an additional 3 weeks. The conditions used are the following: control, 21°C, 100 E; low light (LL), 21°C, 25 E; high light (HL), 21°C, 1600 E; cold low light (cLL), 10°C, 25 E; and cold high light (cHL), 10°C, 600 E. In all measurements only fully expanded mature leaves were used, and they belonged to the 4th to the 7th leaf pair depending on the time and condition.
Chlorophyll Fluorescence and Photosynthetic Parameter Measurements-Chlorophyll fluorescence was measured at room temperature on intact leaves of acclimated plants with a PAM-101 fluorimeter with a saturating light at 4500 E and actinic light at six different intensities as follows: 100, 360, 640, 1200, 1600, and 2000 E. Before measurements, plants were dark-adapted for at least 30 min at room temperature. The same measurements were also performed with actinic light of 2000 E but with an overnight dark adaptation. The parameters (16) .
Chloroplast Isolation and Purifications of PSI-LHCI and LHCI-Chloroplasts were isolated from adapted plants by homogenizing leaves in a solution with 0.1 M Tricine/KOH, pH 7.8, 0.4 M sorbitol, 0.5% powder milk. The chloroplasts were then isolated by precipitation at 1500 ϫ g. PSI-LHCI complexes were purified from all plants with the method described previously (17, 18) .
Spectroscopy and Pigment Analysis-The absorption spectra were recorded using an SLM-Aminco DK2000 spectrophotometer in 5 mM Tricine, pH 7.8, 0.5 M sucrose, and 0.03% ␤-DM. HPLC analysis was performed according to Ref. 19 . Chlorophyll to carotenoid ratio and Chl a/b ratio were independently measured by fitting the spectrum of acetone extracts with the spectra of individual purified pigments (18) . CD spectra were measured at 10°C on a Jasco 600 spectropolarimeter. Chloroplast fluorescence spectra at 77 K were measured with Varian Cary Eclipse and corrected for instrumental response. Samples were in glycerol 60% (v/v) and 10 mM HEPES, pH 7.5. Emission spectra were measured with a 475 nm excitation, whereas excitation spectra were measured with a 735 nm emission.
Short Term High Light Stress-Leaves from acclimated plants were transferred in glass tubes in N 2 atmosphere and illuminated with light at 1800 E for 7, 15, and 30 min (20) . Pigment extraction with 80% acetone was then performed on leaf disks frozen in liquid nitrogen.
SDS-PAGE Analysis and Coomassie Stain Quantification-PSI-LHCI complexes were analyzed with SDS-PAGE as described in Ref. 21 but using a acrylamide/bisacrylamide ratio of 75:1 and a total concentration of acrylamide ϩ bisacrylamide of 4.5 and 15.5%, respectively, for the stacking and running gel, where 6 M urea was also incorporated (22) . The staining for the densitometry was obtained with 0.05% Coomassie Blue R-250 in 25% isopropyl alcohol, 10% acetic acid to improve linearity of the stain with respect to protein amount (23) . The protein amount was evaluated after SDS-PAGE by quantifying the stain bound to each band by colorimetry. We acquired the gel image using Bio-Rad GS710 scanner, and the picture was then analyzed with Gel-Pro Analyzer© software, which quantifies the staining of the bands as integrated optical density on the area of the band. At least five repetitions of each sample were analyzed to achieve sufficient accuracy. For the evaluation of Rubisco content, leaf disks were cut, and Chl content was determined with high accuracy. Then the amount of Rubisco, on a Chl basis, was determined by SDS-PAGE and Coomassie staining after identification of the band of Rubisco large subunit by Western blotting.
Immunoblot Assays and Western Blotting QuantificationsFor the quantification of PsbS, VDE, ZE, Lhcb3-6, and CP47 in different acclimated plants, leaves were homogenized in liquid nitrogen with a solution with 62.5 mM Tris-HCl, pH 6.8, 10% glycerol, 2% SDS, 5% ␤-mercaptoethanol. The chlorophyll content was then quantified by absorption spectra. For each sample 0.2, 0.4, 0.8, 1, and 1.2 g of chlorophylls have been loaded on SDS-PAGE. Immunoblot assays with antibodies against different polypeptides were performed as described previously (24) . To avoid any deviation between different immunoblots, samples were compared only when loaded in the same gel.
Deriphat PAGE Analysis-Nondenaturing Deriphat-PAGE was performed following the method described previously (25) , but using 3.5% (w/v) acrylamide (38:1 acrylamide/bisacrylamide) in the stacking gel and in the resolving gel an acrylamide concentration gradient from 4.5 to 11.5% (w/v) stabilized by a glycerol gradient from 8 to 16%. Thylakoids concentrated at 1 mg/ml chlorophylls were solubilized with a final 0.8% ␤-DM, and 30 g of chlorophylls were loaded. The gel images were then analyzed with Gel-Pro Analyzer©. The integrated optical density measured in each band was checked to linearly correlate to the chlorophyll amounts present in each complex.
Tocopherol Quantification-Tocopherols were quantified as described previously (26) . After extraction with 100% methanol and separation by HPLC, tocopherol was detected with a fluorescence detector using an excitation wavelength at 295 nm and an emission wavelength was 340 nm. Tocopherol standards were obtained from Sigma.
RESULTS

Arabidopsis Plants Acclimate to Different Light Conditions
and Avoid Photoinhibition-In this work we analyzed the photosynthetic apparatus of Arabidopsis thaliana plants grown in different light and temperature conditions. Plants grown for 4 weeks at 21°C and 100 E have been treated for a further 3 weeks at different conditions. Two different light intensities were combined with two temperatures, yielding a total of five different treatments, including the control condition: low light, high light, cold low light, and cold high light (growth conditions are detailed under "Experimental Procedures").
PSII quantum efficiency (F v /F m ) gives an indication of the functionality of PSII reaction centers; F v /F m is normally around 0.80, but when PSII is photo-inhibited this value decreases to 0.4 or less. We followed the PSII quantum efficiency, always measured in fully expanded mature leaves, during the light treatment as reported in Table 1 . After the 1st week from the modification of light conditions, HL and cHL plants showed PSII photoinhibition, as evidenced by the reduction of F v /F m . In the following weeks, however, despite the prolongation of light treatment, plants recovered from photoinhibition ( Table 1) . At the moment of the harvesting, all plants showed the same PSII quantum efficiency, irrespective from growth conditions. Thus, after 3 weeks PSII reaction centers are not photo-inhibited in any treated plant, despite both HL and cHL conditions caused at first a photoinhibitory stress (Table 1 ). This behavior is consistent with the literature of the field that describes that an environmental perturbation first causes a stress response and later leads to a stable long term response defined acclimation (3) .
Following treatment, plants exposed to low light conditions did not show an obvious phenotype apart from a slightly reduced growth at both temperatures. Plants grown in high light were also smaller and also showed accumulation of anthocyanins, especially at low temperature, probably the result of the stress perceived by these plants in the 1st week.
In conclusion, because PSII is known to be a major photoinhibition target, the F v /F m values measured suggest that plants analyzed in this work are able to respond to the different light conditions when they are exposed to strong illumination for a long enough time.
Plants Acclimated to High Light Increase Photosynthetic Electron Transport Rate-To confirm that our plants were indeed acclimated, we measured an additional photosynthetic parameter, qP. qP indicates the fraction of 1 Chl a excited states, detected from their fluorescence emission, which is quenched by the activity of photochemical reactions (27) . The comparison of this parameter between the different plants thus gives an indication of their efficiency in using light for photochemistry (1, 4) . Photochemical quenching values were measured with different light intensities (100, 360, 640, 1200, 1600, and 2000 E). After 21 min of illumination, qP is clearly higher in plants adapted to HL with respect to both LL and Ctrl. This difference increases with the intensity of actinic light employed in the following measurement: at 1200 E, qP values are 0.7, 0.35, and 0.14, respectively for HL, Ctrl, and LL (all values are reported in the supplemental figures). Thus, the growth in stronger light stimulates the ability to use energy for photosynthesis, in agreement with previous reports (12, 28) confirming that plants analyzed activate an acclimative response. To verify that qP values measured were indeed because of an increase of Calvin cycle enzymes content, we quantified one of them, the Rubisco, in the leaves acclimated to different conditions. With respect to Ctrl and cLL plants, LL plants contained less Rubisco (60%) whereas in HL plants its content is increased by 250% (200% in cHL). Thus, the observed increase in photochemical efficiency in high light plants was correlated with the presence of a higher content of Calvin cycle enzymes that utilize NADPH and ATP produced from light reactions, as observed previously in acclimation studies (12, 28, 29) .
A further confirmation that plants analyzed are indeed acclimated comes from the analysis of oxygen evolution rates. Plants grown in high light showed a larger ability to evolve oxygen. In HL leaves it was around 2.5 times with respect to the control, but this activity reached four times the control in cHL plants, again consistent with previous data on Arabidopsis (28, 30) .
We thus showed that the plants analyzed responded to different light conditions by modulating the size of their metabolic sinks, photosynthetic rates, and their ability to use light for photochemistry. All parameters analyzed are consistent with the present literature on acclimation. This deduction, together with the observed absence of PSII photoinhibition after 3 weeks of treatment, is a fundamental starting point for all the following analyses, because it demonstrates that we are observing the effects of acclimation to different light intensities rather than of photo-damage.
High Light Acclimated Plants Respond More Promptly to Illumination-A third fluorescence parameter, the NPQ, was also measured in all plants. Its value gives an indication on the fraction of fluorescence quenched nonphotochemically as heat (4). In Fig. 1A , NPQ kinetics measured with a 2000 E illumination in differently acclimated plants are reported, showing a clearly distinct behavior; plants grown in high light are faster in their response, and NPQ reaches its maximum level within 6 -7 min. In control and low light-grown plants, instead, NPQ amplitude continues to rise until the light was switched off after 21 min. These results are in agreement with previous reports of larger NPQ in HL acclimated plants with respect to control plants (31, 32) . This faster response can be estimated by calculating qE, the fastest component of NPQ; values reported in Table 1 indicate how this component is clearly larger in HL and cHL plants. These plants are not only faster in responding to illumination but also in relaxing quenching after the light is switched off. The quenching not relaxed after 19 min of dark (qI (4)) is far lower in HL plants with respect to Ctrl and LL, as reported in Table 1 . In this short dark period in fact, NPQ in HL plants almost relaxed to zero. When NPQ measurements were performed by using different intensities of actinic light, interesting differences were observed in their kinetics. In Fig. 1B , results obtained using the lowest light intensity (360 E) are reported; the NPQ level continuously rises in plants adapted to LL, whereas it is saturated in a few minutes in cLL and control plants. In HL-adapted plants instead, NPQ is rapidly activated when plants are switched from dark to light but starts to decline after a few minutes, still under actinic light. This suggests that photochemical reactions, once activated, efficiently use absorbed light, whereas nonphotochemical quenching mechanisms are concomitantly inhibited. NPQ kinetics thus suggest that HL plants are able to respond quicker to illumination by activating mechanisms for the dissipation of energy as heat. The fastest component of NPQ, defined as qE, or feedback de-excitation, was shown to be dependent on the PSII subunit PsbS (6) . To verify if the increased response rate of HL plants was because of a different accumulation of this subunit, we measured the relative PsbS content by immunoblot titration. Five different dilutions of thylakoid membranes, corresponding to 0.2, 0.4, 0.8, 1, and 1.2 g of chlorophyll, were loaded in the same SDS-polyacrylamide gel. Fig.  2A shows the results of detection with the antibody against PsbS, whose signal was quantified by densitometry. To avoid saturation, signal linearity through different dilutions was checked in all samples. In Fig. 2B two examples of the possible layout of linearity check is shown; in the case of an LL sample, all points can be fitted with a straight line with good accuracy. In the case of an HL sample, where PsbS content is higher, the last point clearly reaches saturation and stands out of the linear fit. Data points falling out of linearity, as in this case, were discarded. The results of the quantification, shown in Fig. 2C , demonstrate that PsbS indeed accumulates in HL plants with respect to control. Instead, in LL plants, PsbS content is slightly reduced. It is interesting to mention that the cLL sample, where PsbS content is close to control, also showed very similar NPQ kinetics. The content in PsbS thus strongly correlates with observed overall NPQ kinetics and amplitude. In the same samples we also quantified with the same method a PSII core subunit, CP47. If PsbS content is normalized to RCII content, differences between samples are not drastically changed, and the only significant difference with the data shown is that the difference between LL and control is smaller.
Carotenoid Biosynthesis Is Regulated during AcclimationFluorescence kinetic measurements reported above are a good tool for the evaluation of photosynthetic performances during short light exposure. Long term modifications of photosynthetic apparatus can also be analyzed from changes in the thylakoid pigment compositions. As reported in Table 2 , plants grown in distinct conditions showed a difference in their Chl a/b ratio as follows: increased in HL plants (both at 21 and 4°C) and decreased in LL plants, irrespective to temperature conditions. Because Chl b is specifically bound to antenna proteins (Lhc), this modification in Chl a/b ratio suggests different accumulation levels of these polypeptides: higher in LL plants and lower HL, as shown previously (13, 28, (33) (34) (35) . In HL acclimated plants the carotenoid content on a Chl basis is also 30% higher. It is worth noting that the increase in carotenoids occurs in conditions with a lower antenna size, suggesting extra carotenoids can be found free in the membrane. Not all carotenoid species, however, were increased to the same level; on a Chl basis, in fact neoxanthin and ␤-carotene levels are essentially unaffected. Violaxanthin and lutein content instead undergoes a significant increase in HL conditions together with the accumulation of significant amounts of antheraxanthin and zeaxanthin. Despite the lutein increase, however, components of the ␤-␤ branch of carotenoid biosynthetic pathway (␤-carotene, zeaxanthin, violaxanthin, and neoxanthin) account for the highest part of the increase in carotenoid content with respect to the ␤-⑀ branch.
Zeaxanthin Production Rate Decreases in HL Acclimated Plants-Plants exposed to strong light convert violaxanthin into zeaxanthin, which increases their photoprotection ability (8) . We evaluated the different capacity to produce zeaxanthin of acclimated plants by exposing leaves to strong light in N 2 atmosphere. This treatment drastically decreases photochemical quenching levels because of the absence of both CO 2 and O 2 , the substrates of photosynthetic reductive and oxidative cycles, respectively. By consequence, electron transport rates decline, whereas lumen acidification increases, maximizing violaxanthin to zeaxanthin conversion (20) . Thus, we can assume that in these extreme conditions zeaxanthin biosynthesis is stimulated to the maximum possible rate. During the 30 min of treatment, the de-epoxidation rate was similar in LL and control leaves, whereas it was higher in cLL. Surprisingly, the newly synthesized zeaxanthin and anteraxanthin were lower in HL and cHL acclimated plants (Table 3) .
This result cannot be explained by the presence of some zeaxanthin molecules in HL plants before the treatment. In fact, despite zeaxanthin presence, violaxanthin content is still higher in HL with respect to control and LL-grown plants so the substrate of the reaction should not be limiting. On the contrary, it could be explained by two other hypotheses as follows: (i) the rate of zeaxanthin biosynthesis is regulated and reduced in HLgrown plants; (ii) stress treatment was less effective in HL plants than in Ctrl and LL. The latter hypothesis is unlikely because, as shown above, HL plants have a larger photosynthetic capacity, but in nitrogen atmosphere photosynthesis we expect the light excess to be very strong in all plants. To test the first hypothesis, we determined VDE content in all samples by quantitative Western blotting; on a Chl basis, VDE content was similar in Ctrl and LL acclimated plants and significantly decreased in cHL and HL plants (Fig. 3) . In cLL plants, on the contrary, its content was higher. These results are substantially consistent with observed zeaxanthin production rate and thus support the first hypothesis.
Because the xanthophyll cycle depends on the activity of two enzymes catalyzing opposite reactions and the overall rate depends on the abundance of both enzymes, we also quantified ZE, which is responsible for the back-conversion of zeaxanthin to violaxanthin. With respect to control plants, LL had similar content; cLL content increased, and HL and cHL plants had smaller ZE content (Fig. 3) . Thus, enzymes controlling zeaxanthin synthesis and back-conversion to violaxanthin are regulated similarly during acclimation. It must be emphasized, however, that because the quantification is based on Western blotting analyses and the two antibodies do not have the same dependence from protein concentration, it is not possible to evaluate if the stoichiometric ratio between the two proteins is modified.
Tocopherol Content Is Increased in HL-Besides carotenoids, other molecules like tocopherol have an established activity in 
TABLE 3
Xanthophyll cycle activation with strong high light treatment
Leaves from all plants were treated for 7, 15, and 30 min with 1600 E in an N 2 atmosphere, inducing strong light excess and maximum activation of zeaxanthin biosynthesis.
De-epoxidation index, calculated as (Z ϩ A/2)/(V ϩ A ϩ Z) is reported before and after light treatment. In HL and cHL cases, assuming that during the short treatment time synthesis of new xanthophyll molecules is negligible, the denominator is assumed constant, allowing for the difference calculation, which is shown in parentheses. protection from oxidative stress (36) . To verify if the synthesis of such antioxidants molecules is also increased in HL, we thus evaluated the tocopherol content in thylakoids isolated from different plants. Consistent with previous reports (36, 37), we observed a strong increase of tocopherol in HL and cHL conditions that showed a tocopherol content 11 and 5.4 times higher, respectively, than in the control sample. In LL samples instead, tocopherol levels were similar to Ctrl plants. (13, 33-35 ). We further detailed the level of acclimation by analyzing thylakoid membranes purified from plants acclimated to different conditions. Membranes were solubilized with 1% ␤-DM, a condition yielding a complete dissociation of antenna subunits from the PSII core complex, a necessary condition for an accurate evaluation of the antenna size. Pigment binding complexes were fractionated by nondenaturing gel electrophoresis. An example of the separation is shown in the Supplemental Material. Green bands were identified, and their pigment content was quantified. The results obtained (reported in the Supplemental Material) in HL plants showed a 52% reduction in the amount of Chl associated with photosystem II antenna proteins with respect to control. LL plants instead underwent a 46% increase. When light acclimation was accomplished in the cold, the effect was intermediate; the increase in cLL was 17% and the decrease in cHL was 32%. Thus, the PSII antenna size is confirmed to be extensively regulated according to illumination conditions, as shown previously (13, 28, (33) (34) (35) . Although modulation of PSII antenna size has been reported before, the relative contribution of the different components, Lhcb1-3 (LHCII), Lhcb4 (CP29), Lhcb5 (CP26), and Lhcb6 (CP24), to this process in not completely clear. To clarify this point, Lhcb1-2 polypeptide content was evaluated by densitometry after separation of thylakoid polypeptides by SDS-PAGE and staining with Coomassie. As shown in Fig. 4A , LHCII content is strongly increased in LL, whereas it is decreased in HL, cHL, and also cLL, in agreement with the observed regulation in overall PSII antenna size. Lhcb3-6 polypeptides are less abundant in the thylakoid membrane and were thus quantified by immunotitration, normalizing their content to the core subunit CP47. Data reported in Fig.  4B show that Lhcb3-6 undergo very different levels of regulation. Lhcb3, the third component of LHCII complex, is also affected by light treatment but to a smaller extent with respect to Lhcb1-2; it is decreased in HL but substantially unchanged in LL. Lhcb4 (CP29) and Lhcb5 (CP26), on the contrary, did not show any major change in any condition tested. The opposite behavior was observed in the third monomeric antenna, Lhcb6 (CP24), which undergoes dramatic reduction in HL to less than 20% with respect to Ctrl conditions. In the cold, Lhcb6 was reduced by 25 and 45%, respectively, in LL and HL conditions.
De-epoxidation index
PSII Antenna Size Is Modulated Depending on Growth
Conditions-The modification of Chl a/b ratio observed in leaves suggests modulation of the number of Chl b-binding Lhc proteins per core complex
PSI-LHCI Complex Stoichiometry Is Not Modified Depending on
Growth Conditions-We then proceeded to the analysis of the changes in the stoichiometry of the PSI-LHCI complex depending on acclimation. The PSI-LHCI complex is stable upon detergent solubilization of thylakoid membranes, and therefore all PSI core subunits can be purified as a complex together with its antenna (22) . We first compared absorption and fluorescence spectra of complex purified from different plants that, surprisingly, did not show significant differences as should be expected if the relative content of Chl b-containing antenna complex was modified (not shown).
A more detailed analysis was performed by measuring the stoichiometry of the Lhca1-4 subunits following a procedure described previously (22) . PSI-LHCI complexes were fractionated on an SDS-PAGE system optimized for the separation of all Lhca polypeptides from each other (Fig. 5A) . Each polypeptide was then quantified by evaluating the amount of Coomassie dye bound to each PAGE band. As a reference, different PSI core polypeptides were quantified by the same method, namely PsaD and PsaF, allowing the calculation of the Lhca1-4/PSI core ratio in each sample. Previous work with PSI-LHCI from plants grown in the same control conditions assessed that Lhca1-4 polypeptides are present in one copy per PSI core (22) in agreement with crystallographic studies (39) . This information allowed normalization of our data. The results obtained for the stoichiometry of each Lhca polypeptide in all samples are reported in Fig. 5B . Surprisingly, growth conditions did not induce changes in the relative abundance of any specific Lhca polypeptide nor in the total number of antenna proteins with respect to PSI core subunits. It is worth mentioning that data have a standard deviation of ϳ20%, and therefore we cannot exclude that a change below this limit might occur. This accuracy, however, is sufficient to conclude that growing Arabidopsis plants in different light and temperature conditions did not have any major effect on Lhca1-4 stoichiometry.
To verify if the PSI-LHCI particles isolated and analyzed were really representative of the PSI-LHCI in thylakoids, we checked that no Lhca polypeptide was lost during the PSI-LHCI purification by sucrose gradients. Antibodies against Lhca1-4 did not detect any significant amount of Lhca polypeptides in fractions different from those containing the whole PSI-LHCI supercomplex. We therefore concluded that the PSI particles isolated are fully representative of the membrane composition of the thylakoids.
The number of LHCII units in the PSII antenna system was previously shown to respond to the zeaxanthin content of thylakoids. In mutants constitutively accumulating zeaxanthin, in fact the PSII antenna was shown to be reduced both in Chlamydomonas reinhardtii and in higher plants (40, 41) . This result suggests that the stress responsible for zeaxanthin production is sensed by the PSII antenna and induces a destabilization on the proteins and a decrease in antenna size. To verify if the PSI antenna is similarly affected, we evaluated the stoichiometry of each Lhca1-4 polypeptide, following the same method described above, in PSI particles purified from mutants accumulating different amounts of zeaxanthin Npq2 and Lut2Npq2 (41) . Again, our results showed that PSI antenna size is not significantly affected by the constitutive accumulation of large amounts of zeaxanthin (not shown).
Does LHCII Contribute to PSI Antenna Size Regulation?-Because the biochemical result showing constancy of PSI antenna size was somehow surprising, we decided to extend our analysis to the distribution of Chl pigments between PSI and PSII by using both biochemical methods (nondenaturing PAGE) and a less invasive approach based on a spectroscopic method applied to the intact system. Fig. 6A shows the ratio between PSI and PSII as determined biochemically by quantification of green bands from Deriphat-PAGE (shown in the Supplemental Material). In LL conditions PSI versus PSII ratio increased to 2.1, and in HL it shifted from 1.8 in the control to 1.5. These variations are consistent with values in the literature reporting a relative decrease of PSI content in HL conditions (28) .
However, when data of total Chls associated with PSI-LHCI were considered against PSII core ϩ Lhcb proteins, differences were smaller because the modifications in the reaction center content and variations in the PSII antenna size partially compensated each other. These somehow puzzling results could be reconciled by assuming that part of the Lhcb proteins were in fact connected to PSI rather than to PSII. To verify this possibility, we measured fluorescence excitation in chloroplasts purified from different plants detecting the specific PSI-LHCI emission at 735 nm. As references, we used the spectra taken from the purified PSI-LHCI complex, which has no LHCII contamination and also a preparation of stroma lamellae isolated by Yeda-press fractionation of dark-adapted control plants, a condition that yields very low levels of LHCII associated with PSI (42) . In these spectra, Ctrl and LL-grown plants showed a higher Chl b contribution with respect to HL (Fig. 6B) . The HL, cHL, and cLL spectra instead are very similar to the isolated PSI-LHCI. This result suggests that in the intact system a significant amount of energy is transferred from a Chl b-rich antenna to PSI, whose amplitude is modulated according to the acclimation conditions and in particular is decreased in HL conditions with respect to Ctrl and LL. 
DISCUSSION
In this work we analyzed the modifications in photosynthetic apparatus in plants grown in different light and temperature conditions. The evaluation of several parameters as photosynthetic capacity, Rubisco content, O 2 evolution rates, NPQ kinetics, Chl a/b ratios and PSI/PSII ratios, and tocopherol content demonstrated that these plants activated an acclimative response. High light treatment in this case was stronger that in previous analogous studies on Arabidopsis (28, 32) ; this was done to be sure that the observed stability in PSI antenna stoichiometry was not because of the mildness of the light treatment. Despite their exposure to an intense illumination, however, all plants did not shown any PSII photoinhibition at the end of the experiment.
In acclimated plants we characterize several photosynthetic properties as follows: the ability to activate photochemical and nonphotochemical quenching, regulation of carotenoid biosynthesis, adjustment of PSII and PSI antenna size, modification of PSI/PSII ratio, and LHCII association to PSI. The observation of all these parameters at the same time allowed us to obtain a global view of the acclimation of photosynthetic apparatus to variable light and temperature conditions. Plants Acclimated to High Light Accumulate PsbS and Respond Quicker to Illumination-Plants adapted to high light showed a faster rate in activating NPQ after illumination, as shown in the kinetics reported in Fig. 1A . We also observed that PsbS content is significantly higher in HL-adapted plants with respect to control, whereas it is reduced upon LL acclimation. It should be mentioned that all previous estimations by Western blotting analysis failed to identify any significant variation of PsbS protein levels in plants adapted to different light intensities (43, 44) , although PsbS mRNA levels were shown to be increased under strong illumination and low temperature conditions (44) . The discrepancy with our results can be explained by considering the methods used for the quantification. In previous reports different sample dilutions have not been analyzed thus preventing a reliable evaluation of the antibody linearity range. Without this precaution, only major differences can be evidenced, and the 2-fold increase in HL with respect to control conditions we observed was hardly detectable.
According to our results, the increase in PsbS content correlates with the NPQ activation rate, because HL and cHL plants, where this protein is more abundant, showed the fastest kinetics. This correlation is even more remarkable by looking to cLL plants; in fact, PsbS content here is equivalent to Ctrl, and under all light conditions tested, NPQ kinetics are also very similar (see supplemental Fig. 2 ). The clearest example is shown in Fig.  1B ; here, the amplitude of NPQ evaluated with a weak light is saturated in Ctrl and cLL, and it continues to grow for all measuring times in LL plants.
It should be pointed out that a portion, between 20 and 30%, of zeaxanthin and anteraxanthin is retained during the short dark adaptation period before NPQ measurements in HL and cHL plants. Because zeaxanthin is known to induce faster NPQ kinetics, its presence could in part explain our observations. Some considerations, however, suggest that the zeaxanthin effect, although probably present, is not sufficient to explain all the observed differences in kinetics. The first indication in this direction is that the correlation between PsbS content and NPQ is observed in all plants even in those without zeaxanthin; cLL showed kinetics more similar to control than LL even if zeaxanthin is absent in both. Second, the differences in kinetics are observed in all measurements even when the dark adaptation was prolonged overnight as data presented in Fig. 1A . Finally, some evidence in the literature suggests PsbS has a dose effect in the fastest component of NPQ, qE; and in fact, Arabidopsis plants overexpressing PsbS showed an increased qE amplitude, demonstrating that PsbS amount is limiting for NPQ (45) (46) (47) , and its role is independent from zeaxanthin synthesis (48) .
We thus support the idea that in high light conditions PsbS is overexpressed to increase the NPQ activation rate. On the contrary, when plants are grown in limiting light, PsbS level is decreased to prevent unnecessary energy dissipation. In fact, although it might appear that PsbS-dependent energy dissipation is inactive under low illumination, this is not the case because it was demonstrated previously that plants without PsbS grow faster than control plants in limiting light (9) .
It could be asked if the PsbS effect on NPQ amplitude saturates or if a hypothetic massive accumulation would lead to a correspondingly large increase in fluorescence quenching. This question is interesting because it can provide clues on the PsbS mechanism of action, which is still obscure. Saturation would suggest that PsbS operates in strong connection to PSII by acting as a regulator of quenching ability elicited within pigment binding complexes of PSII core and/or Lhcb proteins. On the contrary, a proportional increase of PsbS and NPQ to very high levels would speak for an intrinsic quenching activity of PsbS. If the capacity for excess energy dissipation is proportional to PsbS accumulation, it could be expected that HL plants, which experienced a strong light excess, would accumulate PsbS accordingly, thus solving their photoprotection problems. However, the level of accumulation observed does not exceed a factor of 2 with respect to control, whereas HL plants show reduced growth and photoinhibition in the first days of the treatment. This indirectly suggests a saturation effect in PsbS quenching activity and thus for the presence of a limited number of sites within PSII where PsbS can exert its action. If this is true, then the PsbS mechanism of action is probably based in triggering quenching mechanisms resident in PSII core (49) and/or in LHCII (50) rather than in directly quenching excitation energy.
The Xanthophyll Cycle Is Slower in High Light-Plants respond to acclimation to different light conditions by regulating their carotenoid composition. In particular, in high light the synthesis of carotenoids from the ␤-␤ branch (products of two cyclization by lycopene ␤ cyclase) is accumulated with a reduction of products from the ␤-⑀ branch, bearing one ␤ and one ⑀ ring. In LL, the molecules from the ⑀ branch instead are more abundant. The enrichment in the products of the ␤ branch increases the ability of the plants to synthesize zeaxanthin when needed, thus helping in the response to high light conditions (51) .
Zeaxanthin is a carotenoid with a well documented role in photoprotection (8) . It plays multiple roles, and in fact it was proposed to be active both free in the membrane and bound to antenna complexes and to PsbS (9, 10, 52) . Zeaxanthin is synthesized from violaxanthin by VDE, an enzyme activated in high light conditions by the low luminal pH, which stimulated the enzymatic activity as well as the liberation of substrate in the membrane (53, 54) . The opposite reaction is catalyzed by zeaxanthin epoxidase (ZE), whose enzymatic regulation instead is not very clear; most probably ZE has a constitutive activity, and when VDE is not active, it slowly converts all zeaxanthin to violaxanthin.
In this work we compared the efficiency of zeaxanthin formation in different acclimated plants, and surprisingly we observed that HL acclimated plants are less efficient in zeaxanthin synthesis. However, this result is consistent with the determination of VDE content in different plants, which in turn is correlated with the capacity for zeaxanthin synthesis.
The observed down-regulation of zeaxanthin synthesis in HL acclimated plants seems in contrast with the well proven role of this carotenoid in photoprotection. Two kinds of consideration could explain this finding. First, we showed that not only VDE but also ZE content is reduced in HL, suggesting that in these plants zeaxanthin back-conversion to violaxanthin is also slower. Thus, the rates of both steps of xanthophyll cycle are probably reduced in HL. As a result, zeaxanthin is produced to a lower rate in HL plants, but once present, it is maintained for a longer time. Moreover, it should be pointed out that in HL acclimated plants several additional protective mechanisms are activated. Among the ones we examined were the PsbS increase and the rise in tocopherol content. These protection mechanisms could reduce the need for a fast zeaxanthin synthesis, and its production could be more useful on a longer time scale. The capacity to synthesize zeaxanthin is instead maximized in plants adapted to LL and in Ctrl conditions where other photo-protective mechanisms are not activated, and thus its fast production is probably of crucial importance for excess light dissipation and ROS scavenging (9, 10, 55) .
PSII Antenna Polypeptides Are Differently Regulated-The PSII antenna size is largely regulated following environmental conditions, as shown previously (13, (33) (34) (35) and confirmed in this work. However, we showed that individual Lhcb polypeptides behave differently. In fact, Lhcb1 and Lhcb2 undergo large variations with light/temperature conditions. Taking in account that these polypeptides are the most abundant in the thylakoids, we can thus conclude that modifications in LHCII content are the major responsibility for the PSII antenna size regulation. The third LHCII component, Lhcb3, has a distinct regulation, and its content is less variable, supporting the view that this polypeptide has a distinct role with respect to Lhcb1-2 (56, 57) .
Among the minor antennas, Lhcb4 and Lhcb5 undergo small modifications with environmental conditions, suggesting they constitute an inner part of the antenna system that is always present in all light conditions. This behavior is consistent with the position of these polypeptides in PSII-LHCII supercomplexes, closely associated with the reaction center (58) . On the contrary, Lhcb6 content is largely modified, especially in HL where its concentration is decreased five times. Lhcb6 (CP24) is a minor antenna complex accounting for less than 5% of the total PSII chlorophyll, implying that the effects of these changes on the PSII antenna size are poorly relevant. However, because Lhcb6 occupies a peripheral position in the PSII supercomplex (58) , it might play a role in stabilizing the binding of LHCII-L (loosely bound) trimers to the PSII supercomplexes. We thus suggest that Lhcb6 may be a regulator of PSII antenna size and its presence stabilizes the supplementary LHCII trimers accumulated in LL conditions (59) .
LHCI Polypeptide Content Is Not Affected by Environmental Conditions-The modification of the antenna size is a well known mechanism for adaptation of the photosynthetic machinery to environmental conditions (33) . This phenomenon, however, has been more thoroughly studied in PSII than in PSI. A first specific study suggested that the Lhca content responds to illumination regimes with Lhca2 and Lhca3 being accumulated at high irradiance more than Lhca1 and Lhca4, yielding into a doubling of the LHCI content per PSI core with respect to low light (28) . This study is not consistent with our observation that Lhca/PSI core stoichiometry remains unchanged upon adaptation to different light and temperature conditions (Fig. 4B) . These contrasting results cannot be explained by differences in the plant growth conditions, as judged from the fact that PSII antenna size is consistently reported to undergo important changes in both studies. More likely, the reason for the different results may reside in the methods used for the quantification of the polypeptides. Bailey et al. (28) used Western blotting, whereas we quantified Coomassie staining for individual Lhca bands. The former method, in fact, although less sensitive, allows a much wider linearity range than immunodetection (23) . In other cases, such as those of PsbS, VDE, and ZE, it has not been possible to identify a single band in SDS-polyacrylamide gels, and we also employed immunoblotting for quantification. However, to make certain that our determination was not undermined by technical limitations, we always analyzed several dilutions of each sample to check for linearity, and we chose as the most correct the signal obtained near the detection limit of the antibody.
We can thus confidently conclude that PSI-LHCI, differently from PSII-LHCII, is a very stable system where the number of Lhca is unaffected depending on the growth condition. In all conditions we analyzed, in fact one copy of each Lhca1-4 polypeptide was found in the PSI-LHCI supercomplex. Further evidence for this stoichiometric stability of PSI antenna comes from the analysis of carotenoid mutants. It has been shown that accumulation of zeaxanthin in LHCII leads to monomerization and degradation of the major antenna complex (40, 41) . Mutants with altered xanthophyll composition can thus mimic environmental conditions more extremely than those analyzed in this work. However, even in this case, PSI-LHCI stoichiometry was unaffected.
Based on the structural analysis of the interactions between subunits in the PSI-LHCI supercomplex, Ben-Shem et al. (60) concluded that LHCI assembly should be very flexible, because a low level of protein-protein interaction was detected between both LHCI subunits and between themselves and the core complex proteins. The discrepancy of the experimental data with respect to the expectations from protein structure can be reconciled by attributing a stronger relevance to gap pigments in mediating interactions between protein subunits and acting as a "green glue" in the stabilization of the PSI-LHCI complex, consistent with their role in the association of the antenna (61) . Further support to a stable stoichiometry in PSI-LHCI comes from the analysis of Lhca-depleted plants, which shows that the lack of a single antenna subunit cannot be compensated by the overaccumulation of the remaining ones (61, 62) . This is in striking contrast with PSII where, in the absence of Lhcb1 and Lhcb2, Lhcb3 and Lhcb5 are overexpressed and form trimers, which replace the missing polypeptides and maintain the structural organization of PSII supercomplexes (63) . The missing flexibility of Lhca subunits in the PSI supercomplex implies a specific binding site for each Lhca gene product making unlikely their replacement by other Lhc subunits in response to variable environmental conditions. Thus, although PSII regulates the size of its antenna system (14, 28) , PSI cannot. This difference can be explained by the presence of gap pigments in PSI but not in PSII (22) . Such an interfacial pigment pool is in fact incompatible with an antenna system that is changing extensively in size through association/dissociation of the component subunits; in a "gap" pigment-containing system, the dissociation of a subunit would release Chl molecules free in the membrane. These would be poorly photo-protected because of a lack of stable interactions with carotenoid molecules and thus be very prone to the formation of reactive oxygen species. This shows that PSI-LHCI behaves as a reference complex with respect to which PSII-LHCII undergoes regulation to maintain the chloroplast redox state and to ensure photoprotection.
PSI Antenna Size Is Regulated by Environmental ConditionsThe results reported above show that the number of antenna proteins bound to PSI is not modified by the growth of Arabidopsis plants in different light/temperature conditions. It is worth asking if the stability of the PSI antenna size implies that PSI is not involved in any kind of regulation of light harvesting capacity. Such behavior would be unusual in a biological system, where regulation is vital. In fact, we showed that even if Lhca content is constant, different light and temperature conditions influenced the PSI light collecting ability by the modification of the PSI/PSII ratio and the association of LHCII subunits to PSI. In differently acclimated plants, the PSI/PSII ratio is modified according to light conditions, as shown previously (28) . One additional regulation of PSI antenna function involves the different association of LHCII to PSI. LHCII populations are known to be able to migrate from PSII to PSI in response to light quality in a process named "state 1-state 2 transition" (64, 65) . Here, we analyzed if LHCII association to PSI has a role in long term acclimation to light intensity as well by evaluating the LHCII content bound to PSI. It is also relevant to point out that we did not measure the ability of different plants to undergo state transition as in Ref. 32 . Instead, by analyzing fluorescence excitation spectra, we evaluated the amount of LHCII polypeptides stably associated with PSI in conditions of steady-state illumination. Our results show that in HL plants the contribution of Chl b absorption to PSI emission is reduced with respect to control and LL plants. Because in the same plants Lhca content was proven to be constant, differences in Chl b contribution must be attributed to the reduction of LHCII polypeptides transferring energy to PSI. This result thus suggests that the functional PSI antenna size is indeed regulated, not by the modification of Lhca polypeptide content but by changing the amount of LHCII associated with PSI. This hypothesis is consistent with a recent report showing that plants unable to perform state transitions also have a reduced maximum rate of CO 2 fixation compared with wild type when grown at 60 E (67). In fact, we showed that in LL and Ctrl Arabidopsis (grown at 25 and 100 E, respectively) a significant amount of LHCII is associated with PSI and contributes to its light harvesting function. Thus, the regulation of antenna size in both photosystems is achieved by regulating the synthesis of the same Lhcb polypeptides. Work is in progress to identify which gene products are stably associated with PSI-LHCI in LL conditions.
Low Temperature Acts as a Multiplying Factor of High LightBoth light and temperature conditions are agents of abiotic stress for the plant (3) . The transcriptional responses induced by these environmental factors partially overlap, although cold stress also induces the activation of specific genes (68, 69) . On this basis it can be asked if low temperature conditions activate a specific regulation of antenna function. From all the parameters we have analyzed in this work, cold appears to act in strengthening the effect of light stress, and we never observed a qualitative difference in the regulation of antenna function in plants grown at different temperatures. This hypothesis is consistent with the observation that the increased tolerance to PSII photoinhibition measured in plants grown at low temperatures reflects the photosynthetic adjustment to high PSII excitation pressure rather than being a growth temperature effect per se (12) .
Nevertheless, it is worth clarifying that this result does not exclude the presence of cold-dependent responses with a protective effect on photosynthetic apparatus. For instance, modulation of thylakoid lipid fluidity (38) or differences in the rate of cell development at low temperatures (66) might in part account for some of our results without involving specific alterations on antenna size.
